In this paper, the hypothesis that multijoint control strategies are transferred between similar tasks was tested. To test this hypothesis, we studied the take-off phase of two types of backward somersault dives: one while translating backwards (Back), the other while translating forward (Reverse). An experimentally based dynamic model of the musculoskeletal system was employed to simulate the measured kinematics and reaction force data and to study the sensitivity of take-off performance to initial kinematic conditions. It was found that the horizontal velocity of the total body center of mass (CM) was most sensitive to modifications in the initial shank conditions. Consequently, the initial shank kinematics of the Back dive was modified in the optimization procedure while maintaining the joint coordination of the Back in order to generate the CM trajectory and reaction forces of a Reverse. Similarly, the initial shank kinematics of the Reverse dive was modified to simulate the CM trajectory and reaction force of the Back. It was found that small modifications in the initial shank kinematics led to change in direction of horizontal CM velocity at take-off; resulting in a switch from Back to Reverse and vice versa. In both cases, the simulated momentum conditions at departure and the bimodal shape of the reaction force-time curve were consistent with those experimentally observed. The results of this study support the hypothesis that transfer of control strategies between similar tasks is a viable option in multijoint control. control strategy is explained using a hierarchical model of the motion control system.
Introduction
Multijoint movement represents the ongoing interaction between the control and dynamics of the human musculoskeletal system. The dynamics of the musculoskeletal system incorporate the interaction between segment kinematics and internal and external sources of force whereas the control incorporates the interdependence between position, velocity and degree of neural excitation via central nervous system (CNS) (Bernstein 1967) . Observation of complex whole body movements suggests that the CNS organizes the human body into a number of operational subsystems that are coordinated by using some type of hierarchical control laws (Flashner et al. 1987; Arabyan and Tsai 1998; Requejo et al. 2004 ). This organization allows modifications in control logic by altering only specific components of the control system as required by the task (Schmidt 2003) . Transferring multijoint control strategies between tasks with minimal modifications to other components can be an effective approach to learning highly skilled tasks and achieve optimal movement performance. Determining the changes between tasks performed under various conditions (Bernstein 1967) together with the associated modifications in control logic advances our understanding of the structure of human movement control.
Movement is planned at a high level within the control structure whereas the selection of muscles used to perform the task is more directly influenced by peripheral conditions (Bernstein 1967) . Performance of a movement involves interaction between both ascending and descending pathways within the nervous system. Task performance involves the conversion of the idea into patterns of muscle activity. Demands expressed by the system are analyzed and integrated into ideas by the association cortex (Enoka 1988) .
These ideas are then projected onto the sensorimotor cortex and converted into commands that coordinate muscle activity required to perform the tasks via descending pathways. Modification of the movement is then controlled by using afferent signals transmitted from multiple sensory receptors via ascending pathways (Enoka 1988) . The effect of the neural command depends on the state of the musculoskeletal system (e.g. muscle length, moment arm, segment velocity). When a particular afferent-efferent transformation occurs repeatedly, the neural network learns how to generate behavior relevant activation of muscle with minimal sensory input.
Experimental evidence suggests humans take advantage of the learning capabilities of the nervous system by transferring control strategies between related tasks (Mathiyakom et al. 2005a,b) . However it is not clear, from these experimental observations, what is the minimal set of control logic modifications an individual uses to transfer multijoint control strategies between tasks. The relative importance of specific modifications in multijoint control strategies is also not known. To determine the most effective strategy, a comprehensive sensitivity analysis needs to be performed. Such an analysis can only be done via simulation since it is not possible to experimentally determine the effect of a single parameter (e.g. shank angle) on performance measures [e.g. center of mass (CM) velocity at departure].
We hypothesized that tasks with similar specifications can be performed by transferring multijoint control strategies across tasks with minimal modifications to the control logic. In this study, our goal was to determine whether segment coordination used by an individual during the performance of one type of backward rotating somersault with backward translation (Back) could be used to generate the total body dynamics of another type of backward rotating somersault with forward translation (Reverse), and vice versa. The performance specifications of the Back and Reverse somersaults are identical with the exception that the total body CM horizontally translates in the opposite direction. The aim was to determine whether task specific momentum conditions at departure could be produced with small modifications in initial body configuration.
Methods
Human motion reflects the continual interaction between the CNS (control logic) and the musculoskeletal system (system dynamics) operating in closed-loop (feedback) configuration (Fig. 1) . Because of this interaction, testing of any hypotheses regarding control of human movement is difficult and sometimes experimentally impossible. In order to test different hypotheses regarding control logic structure, a model that includes both the control logic and human body dynamics operating in a feedback configuration is needed.
In this study we used an experimentally-validated dynamic model of musculoskeletal system that captures the essential characteristics of the task under consideration. To determine whether tasks with similar specifications can be Fig. 1 Model of human motion control system during interaction with the environment. Human motion reflects continuous interaction between the nervous system (control logic) and the musculoskeletal system (system dynamics) that operates in closed-loop (feedback) configuration performed by transferring multijoint control strategies across tasks with minimal modifications to the control logic an experimentally based six-segment dynamic model was used to simulate kinematics and ground reaction forces. Kinematics and reaction force data collected during the take-off phase of two types of backward rotating somersaults that translate in different directions (Back, translates backwards; Reverse, translate forwards) were incorporated into the simulation study. Joint coordination patterns were mathematically characterized from experimental kinematics of an individual performing Back and Reverse somersaults. The characterized multijoint coordination pattern of the Back was used in simulating the performance of a Reverse, and vice versa. A simulation study was performed to determine the sensitivities to initial segment kinematics of the CM velocities at take-off.
The proposed model of the control system organization is presented first followed by the dynamic model of the human body and its interaction with the surface environment. Next, the experimentation, including data collection and processing used to incorporate experimental data in the simulation process, is presented. The effect of initial conditions on horizontal and vertical CM velocities at departure, as determined through a sensitivity analysis study, is then summarized. Finally, simulations manipulating the initial conditions of the Back or Reverse somersault while maintaining the experimentally derived multijoint coordination patterns as used to test the control hypothesis, is presented.
Control system model
Successful performance of a complex task, such as a dive take-off, requires coordination between different parts (groups of segments) of the body (Requejo et al. 2004) . Each of the operational subsystem, such as lower extremity, upper extremity, head, and trunk has a specific role in achieving the overall task objective and therefore is controlled at the local level via separate control law (Arabyan and Tsai 1998) . Control laws governing the behavior of each of these Fig. 2 Proposed hierarchical structure of the control logic. The highest level of the control logic (task level) defines the task in terms of overall (whole body) task objectives (r * CM , v * CM , φ). At the second (coordination) level, the coordination logic subsystem distributes the whole body (overall) motion task into segment angle motion commands θ * . The third level (segment level) of the control logic operates in closed-loop by comparing the commanded θ * and actual segment angles θ and issuing torque commands to the joints τ that generate system trajectory (segment and whole body motion). System trajectory is also affected by interaction with the environment denoted by interaction forces F x , F y subsystems are coordinated to achieve the overall task objective (Flashner et al. 1987 ). To adequately model the control of human movement with interactions between subsystems a hierarchical configuration, shown in Fig. 2 , is proposed.
Task objectives
At the task level, the overall performance of the task during the particular phase is controlled by issuing strategic commands and by monitoring task objectives. Task objectives are defined in terms of task specific whole body motion measures. During a dive take-off, the task parameters may include the position of the CM relative to the reaction force vector
, and measures of body angular velocity (φ) (Fig. 2) .
Subsystem coordination
Given the complexity of human motion during activities such as a dive take-off, our model of the control system incorporates a number of operational subsystems with different, but coordinated, objectives. In order to achieve the overall task objective, the various operational subsystems are coordinated by subsystem coordination logic. The subsystem coordination logic divides the system into operational subsystems, determines the control laws for each subsystem and their relative importance, and then coordinates the relative timing of their actions (Arabyan and Tsai 1998) . For example, when executing a push from a dive platform, experimental evidence (Mathiyakom et al. 2005a,b) suggests the lower extremity joints (ankle, knee, and hip) undergo similar motion regardless of differences in the task objectives. Particularly, the observed motion of the knee-hip subsystem during the push phase suggests a simplified coordination strategy that transfers between task objectives. During the dive take-off phase when the CM is positioned over the base of support, the primary task objective is to re-orient the CM relative to the reaction force such that the desired linear and angular momenta are generated at platform departure (Miller et al. 1989; Mathiyakom et al. 2005c ). This requires that adequate vertical and horizontal impulses are generated by the musculoskeletal system during interaction with the environment. These complex and varying objectives requires coordination of the control laws governing the behavior of each subsystem.
Subsystem control logic
At the subsystem level, joint control torque (τ) is determined according to the subsystem objectives given the current state of the system. Experimental evidence indicates that distribution of joint control torques across joints within a subsystem are determined by segment configuration relative to the forces transmitted to the subsystem (e.g. net joint forces, reaction forces) and torques at other joints (McNitt-Gray et al. 2001) . In this case, joint control torque incorporates and reflects the feedback responses to the sensed variables as indicated in Figs.1 and 2.
Physical plant model

Plant dynamics
A two-dimensional (planar) motion system in contact with a flat surface is considered. A six-segment planar model with revolute joints and center of pressure (CP) moving about the Fig. 3 A two-dimensional dynamic model used to simulate the mechanics of the contact phase of dive take-off plantar surface of the foot was developed, as shown in Fig. 3 . Each segment is characterized by its length L i , location of the CM with respect to the joint -R i , as denoted for segment 1 in Fig. 3 , its mass m i , and its moment of inertia with respect to its CM I i .
Application of Lagrange's formulation to the above model yields a set of eight second-order differential equations in matrix form as follows:
where M(q) is a 8×8 mass matrix, V(q,q) is a 8×1 vector representing centrifugal and Coriolis terms, G(q) is a 8×1 vector of gravity terms, Q is a 8×1 vector of generalized forces, λ is a 2×1 vector representing the reaction constraint force at the foot/surface interface, and ∂ P f /∂q is a 2×8 matrix denotes the Jacobian of constraint equation expressed with respect to the generalized coordinates. In our case P f (q) is the equation of the contact surface position in space. The generalized coordinates (q), generalized forces (Q), reaction constraint force (λ), and the coordinate constraint (P f (q)) are as follows:
Here q 1 and q 2 denote the position of the ankle joint in the plane, τ 1 . . . τ 5 are the joint torques, and x f (q, t)and y f (q, t) describe the position of the foot/surface point of contact as a function of the generalized coordinates q and time t (Fig. 3) . The reaction constraint force λ = (F x , F y ) in Fig. 3 was modeled with a visco-elastic element representing the plantar surface of the foot contacting the rigid platform (Ju and Mansour 1988; Gerritsen et al. 1995; Gruber et al. 1998; Guler et al. 1998) . The mathematical expression used to simulate the mechanical property of the plantar surface of the foot is: 
Impulse-momentum relations
The position of the system CM x CM and y CM is determined by the generalized coordinates (q). The first two eqs. (1) and (2) can be written in terms of the CM acceleration (ẍ CM ,ÿ CM )
Integrating once yields the linear impulse-momentum relationship:
One can also write angular impulse-momentum relationship by summing the moments about the system CM, yielding
where H CM is the angular momentum (Greenwood 1988 ) of the body with respect to the CM and R is the vector indicating the position of the CM with respect to the point of contact (Fig. 3 ).
Experimentation
Subjects and task
One skilled performer (national level diver) participated in this study and provided informed consent in accordance with the Institutional Review Board. The participant performed two Back and two Reverse somersaults by taking off from a stationary force plate and landing on a mat. During the take-off phase of both the Back and Reverse somersaults, the performer generated (1) sufficient net vertical impulse to provide adequate flight time to complete one backward somersault in a tucked position and land with the feet initiating contact mat, (2) adequate net horizontal impulse to horizontally displace the CM forward (Reverse) or backward (Back) away from the platform, and (3) satisfactory net backward angular impulse to complete the one rotation about the mediolateral axis passing through the CM prior to foot contact with the landing mat (Miller et al. 1989; Miller 2000) .
Data collection
Prior to data collection, the participant warmed up and practiced the experimental tasks until he was familiar with the experimental set up. A calibrated pole with reflective markers located one meter apart was placed within the take-off area and video taped using a stationary camera (C 2 S NAC Visual Systems, Burbank, CA, USA). During the performance of each task, sagittal plane kinematics (200 fps, C 2 S) and reaction forces (0.6 × 0.9 m 2 , 1200 Hz, Kistler, Amhurst, MA, USA) were simultaneously collected and synchronized at the time of plate departure.
Data processing
Body landmarks on the side of the body closer to the camera were manually digitized (Peak Performance, Inc., Englewood, CO, USA). Sagittal-plane horizontal and vertical coordinate data (q * (t)) (200 fps) were filtered using a fifth-order spline filter (Woltring 1986 ) with a cut-off frequency of 14 Hz. Body segment parameters of an athletic population (Zatsiorsky and Seluyanov 1983; deLeva 1996) were combined with the sagittal plane coordinate data to estimate segment and total body CM kinematics. Coordinate data were also used to calculate the corresponding segment angles relative to the right horizontal. Joint angles were determined from the segment angles. First and second derivatives of the segment and joint angles were determined by differentiating the angular position-time splines data (Woltring 1986 ). Generalized coordinates q e (t) and their firstq e (t) and second q e (t) derivatives were determined from these experimental data as described in the flowchart in Fig. 4 .
Simulation studies
Implementation
The differential equations describing the dynamics of the human model and the model of the visco-elastic contact were implemented using a dynamics simulation software package (ADAMS, Mechanical Dynamics, Ann Arbor, Michigan, USA). Input parameters to the simulation algorithm included segment lengths, masses, CM and moments of inertia. Generalized accelerations (q e j (t)) of the actuated joints (e.g. ankle, knee, hip, shoulder, and neck) obtained using the splines derivatives (Woltring 1986 ) and the initial values of the generalized velocities (q e (0)) and positions (q e (0)) were used to simulate the Back and Reverse dive dynamics. The initial values were determined from experimental data and subsequently modified in the sensitivity analysis and simulation study as illustrated in Fig. 4 .
Simulations were initiated at the time when the measured reaction force was equal and opposite to body weight. The experimentally observed position, velocity and acceleration of the base segment (shank) and the joints as well as CP location at this time were introduced as initial conditions (q e (0),q e (0)). Inverse dynamics within the ADAMS software was used to determine the time history of the torques needed to produce the observed movement. The computed torques, initial joint positions and velocities, together with the location of the CP were used as inputs into ADAMS performing the forward dynamics simulation. The forward dynamics engine then computed the reaction forces and segment kinematics during the simulated movement (Fig. 4) . This simulation approach, using inverse and forward dynamic simulation based on actual experimental data, includes the inherent feedback component present in the control torque commands (Figs. 1 and 2) .
The effect of error associated with digitizing segment kinematics was reduced by computing the set of initial conditions (q e (0),q e (0)) that minimized the sum of squared differences (RMSe) between experimentally measured (v e CM ) and simulated (v s CM ) CM velocities at each instant of time. This modified set of initial conditions was subsequently used in the simulations. 
Sensitivity analysis
The sensitivity of horizontal and vertical CM velocity to initial conditions for the Back dive take-off was determined for the following scenario: variation of initial shank angle (∂v s CM /∂q 3 (0)) and initial shank angular velocity (∂v s CM / ∂q 3 (0)), variation of initial hip angle (∂v s CM /∂q 5 (0)) and initial hip angular velocity (∂v s CM ∂q 5 (0)), and variation of initial shoulder angle (∂v s CM ∂q 6 (0)) and initial shoulder angular velocity (∂v s CM ∂q 6 (0)). The range of variation for each sensitivity analysis condition was determined from the actual range of variation measured from the Back and Reverse experimental trials. For each sensitivity analysis condition, a factorial combination of 15 initial angles and 15 initial angular velocity values were used to calculate the horizontal and vertical CM velocities at time of departure. For all simulation runs, the same actuated joint kinematics (q e j (t)) was used as input to the model. A total of 225 simulated data points were generated to create a three-dimensional surface plot of the horizontal and vertical CM velocity as a function of the initial angle and angular velocity. This sensitivity analysis determined the initial condition with greatest influence on take-off performance.
Simulation of Back and Reverse dives
The CM horizontal and vertical velocities and the angular momentum of a Reverse (Back) take-off were simulated using the experimentally measured joint kinematics (q e j (t)) from the Back (Reverse) with the experimental initial conditions (q e (0),q e (0)) from the Reverse (Back). The initial conditions with the greatest influence on take-off performance were iteratively adjusted to minimize the RMSe between the simulated and experimental Reverse or Back horizontal (ẋ CM ) CM velocity. A steepest descent algorithm (Design Synthesis, Orem, Utah, USA) was used to perform the optimization.
Results
The simulated CM horizontal velocity (ẋ CM ) at departure was most sensitive to initial shank angle and shank angular velocity (Fig. 5a ). Varying the initial shank angle and shank angular velocity resulted in significant changes in the magnitude and direction of the horizontal CM velocity at departure (Back:ẋ CM = −0.26 m/s; Reverse:ẋ CM = 0.90 m/s) with minimal effect on vertical CM velocity at departure.
The sensitivity of CM horizontal velocity to initial shank angle and shank angular velocity is represented by the slopes of the surface (Fig. 5a ). The CM horizontal velocity (ẋ CM ) at departure was not sensitive to initial hip angle (q 5 (0)) and hip angular velocity (q 5 (0)) (Fig. 6a) or initial shoulder angle (q 6 (0)) and shoulder angular velocity (q 6 (0)) (Fig. 7a) . These simulated initial shank kinematics and horizontal CM velocities were consistent with the measured values for the Back and Reverse [Back: (Fig. 8) .
The simulated CM vertical velocity (ẏ CM ) at departure was not sensitive (flat surface) to initial shank angle (q 3 (0)) but was sensitive to shank angular velocity (q 3 (0)) (Fig. 5b) . The CM vertical velocity (ẏ CM ) at departure was not sensitive to initial hip angle (q 5 (0)) and hip angular velocity (q 5 (0)) (Fig. 6b) or initial shoulder angle (q 6 (0)) and shoulder angular velocity (q 6 (0)) (Fig. 7b) . The measured CM vertical velocities did not change between Back (ẏ CM =2.27 m/s) and Reverse (ẏ CM = 2.16 m/s) (Fig. 8) .
Simulation results support the hypothesis that momentum conditions at departure for related tasks (Back and Reverse) can be achieved by transferring multijoint control strategies with minimal modifications to other components (initial shank kinematics) within the hierarchical control structure. Simulations of the Reverse somersault, (incorporating the multijoint coordination used during the Back) produced the linear (ẋ CM = 0.93 m/s;ẏ CM = 1.52 m/s) and angular (Fig. 8) . Simulations of the Back somersault (incorporating the multijoint coordination strategy used during the Reverse) produced the linear (ẋ CM = −0.08 m/s;ẏ CM = 1.89 m/s) and angular momentum (H CM = 32.21 kgm 2 /s) conditions at departure consistent with those observed experimentally (Fig. 8) . The simulated reaction force curves replicated the bimodal reaction force-time curve measured during the take-off phase of both dive take-offs. Simulations of the Reverse somersault (incorporating the multijoint coordination used during the Back) produced the horizontal reaction force (F x ) consistent with (Fig. 9) . Similarly, simulations of the Back somersault, (incorporating the multijoint coordination used during the Reverse) produced the horizontal reaction force consistent with those observed experimentally (Fig. 9) . Consistent with the measured vertical reaction forces (F y ), the simulated vertical reaction forces were similar between Back and Reverse. Simulated segment kinematics at departure were consistent with the observed segment kinematics for the Back and Reverse (Fig. 10) .
Discussion
Experimental evidence suggests the CNS organizes the human body into a number of operational subsystems that are coordinated by using some type of hierarchical control structure (Mathiyakom et al. 2005a,b) . In this study, we hypothesized that related tasks could be performed by using a common multijoint control strategy with minimal modifications to the control logic. To test this hypothesis, the take-off phase of the Back and Reverse somersaults were simulated using a six-segment dynamic model and a hierarchical control model incorporating the multijoint coordination observed during the performance of Reverse and Back somersaults, respectively. The results of this study support the hypothesis that related whole body tasks can be performed with minimal changes in segment level control (Fig. 2) . In this case, the linear and angular momenta of the body required to perform a Back and a Reverse somersault were achieved by using a common multijoint coordination strategy with minimal modifications in the initial shank kinematics. Modifications in the shank angular kinematics satisfied the task specific need to position the CM anterior (Reverse) or posterior (Back) relative to the feet prior to the push, whereas the coordination logic (Fig. 2) facilitated control of the CM relative to the reaction force during the take-off phase.
The motions studied here indicate that the direction of the horizontal impulse is regulated by controlling the position of the CM relative to the feet. Controlling the position of the feet relative to the CM has also been found to be a way of regulating CM horizontal velocity during locomotion tasks performed by humans (Inman et al. 1981) and robots (Raibert 1986) . It was shown that the position of the CM relative to the foot can be regulated at the shank subsystem level (Fig. 2) .
Transfer of control between tasks simplifies the control law structure. Transfer of control between tasks reduces CNS storage requirements associated with movement structures [e.g. generalized motor program (GMP) (Schmidt 2003) , scalable response structure (Shea and Wulf 2005) ]. The hierarchical organization (Flashner et al. 1987 ) allows the transfer of control to occur with minimal changes in segment level control. Maintaining coordination logic between tasks provides a way to preserve the same CM trajectory within the anatomical reference system making it predictable during the takeoff phase. During the performance of tasks requiring angular impulse generation, a predictable CM trajectory simplifies the control task by requiring regulation of only the reaction force direction relative to CM rather than simultaneously controlling both the CM trajectory and the reaction force.
Individuals required to generate near maximum levels of impulse during quick goal directed movements realize the benefits from transferring control between tasks when per- forming movements with similar lower extremity kinematics. Maintenance of lower extremity joint motion between tasks also allows an individual to place the lower extremity muscletendon units at common lengths and shortening/lengthening velocities across tasks (Prilutsky and Zatsiorsky 1994) . Maintaining a common mechanical context (length, velocity) during phases of movements requiring near maximum muscle force generation enables the individual to take advantage of inherent muscle-tendon properties (Alexander 1991) . Coordinating knee and hip motion together likely simplifies the regulation of activation of muscles responsible for controlling knee and hip motion during complex movements (McNittGray et al. 2001; Mathiyakom et al. 2005c ) and may facilitate learning with practice and experience (Schmidt 2003; Shea and Wulf 2005) .
Mathematical representation of subsystem control provides a mechanism to test hypotheses regarding the role of operational subsystems in achieving task objectives (Flashner et al. 1988) . In this study, generation of impulse during the take-off phase of both tasks was achieved using a common coordination logic. Identification of a common strategy supports the hypothesis that impulse generation may be implemented in joint space, whereas, the orientation of the CM in relation to the reaction force in global space is controlled in part by regulating shank orientation. How the subsystem control is encoded by the CNS and distributed across individual muscles requires further investigation. Experimentally based knowledge of coordinated muscle activation patterns will assist in determining the role of individual muscles in generating sets of joint torques required to perform the observed movement (Zajac 1993) .
The ability of the model to incorporate subject-specific control characteristics and task specific initial conditions demonstrates that experimentally based modeling is important for advancing our understanding of control and dynamics during other weight bearing tasks (Requejo et al. 2002) . Incorporation of experimental-based kinematics into the simulation process has produced realistic dynamics with minimal simulation time and numerical processing resources common to large-scale optimization simulations (Hatze 1981; Pandy et al. 1992; Anderson et al. 1995; Neptune 1999) . Determining the changes between tasks performed under various conditions (Bernstein 1967) together with the associated modifications in control logic advances our understanding of the structure of human movement control.
